ABSTRACT The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae), is an important citrus pest because it vectors bacteria responsible for a serious citrus disease known as huanglongbing (also called citrus greening disease). We conducted research on Asian citrus psyllid heat tolerance, with special emphasis on identifying heat treatments lethal to adult Asian citrus psyllid. Working with an Asian citrus psyllid colony maintained at 27ЊC, we assessed survival of adult Asian citrus psyllid exposed to temperatures of 43Ð 60ЊC for various durations in a laboratory oven. We found under our experimental conditions that adult Asian citrus psyllid cannot survive at 50ЊC for more than Ϸ10 min and that death occurred faster at higher temperatures; males tended to be more heat-tolerant than females; young adults were less tolerant of high temperatures than older adults; adult Asian citrus psyllids predisposed to warmer temperatures were more heat-tolerant than those predisposed to cooler temperatures; and heat treatments lethal to adult Asian citrus psyllids were lethal to eggs and usually lethal to nymphs. Adult Asian citrus psyllids were less tolerant of heat treatments in the oven when the humidity level was high than when it was low. A number of heat treatments lethal to adult Asian citrus psyllid in an oven situation can be identiÞed from the results of this research and would be useful to regulatory agencies interested in eliminating adult Asian citrus psyllids from shipments of citrus leaves destined for culinary or medicinal markets. Among a number of candidate treatments, 60ЊC for at least 10 min would be effective against all Asian citrus psyllid life stages and faster killing than lower temperatures.
The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae), is an important citrus pest in North America because it vectors ÔCandidatus Liberibacter asiaticus,Õ a phloem-restricted, noncultured bacterium thought to be the causal pathogen of Asiatic huanglongbing (HLB) (Chinese for yellow shoot disease, also known as citrus greening disease; Hung et al. 2004 , Bové 2006 . HLB is one of the worldÕs most serious diseases of citrus (Gottwald 2010) . Citrus trees infected by this disease decline in productivity; fruit from infected trees may contain off-ßavors, rendering them unmarketable; and diseased trees eventually die, with young trees generally dying faster than older trees Manjunath 2004, Hall and Gottwald 2011) . Both the vector and disease are thought to be Asian in origin and have invaded many other areas around the world, including North America, Central America, and the Caribbean islands .
HLB proved to be such a devastating disease in Florida citrus (Grafton-Cardwell et al. 2013 ) that citrus growers in other areas in the United States became concerned about introductions of Asian citrus psyllid and HLB. Federal and state regulatory agencies stepped up surveillance efforts. Movement of Asian citrus psyllid on mature citrus leaves destined for medicinal or culinary markets (notably kafÞr lime, Citrus hystrix de Candolle, and curry, Bergera koenigii L.) was identiÞed as a threat . To this end, the U.S. Department of AgricultureÐAnimal Plant Health Inspection Service (USDAÐAPHIS) asked for assistance from the U.S. Department of AgricultureÐAgri-cultural Research Service to validate efÞcacy against Asian citrus psyllid of a standard heat treatment regarded as lethal to other citrus pests (60ЊC for 10 min; Anonymous 2010), which stimulated research presented here.
A considerable amount of information was available regarding the inßuence of moderate temperatures on the biology of Asian citrus psyllid. The optimal temperature range for Asian citrus psyllid growth and development is 24 Ð28ЊC (Liu and Tsai 2000, Fung and Chen 2006) . At 24ЊC, adult males lived an average of 21Ð25 d and females lived an average of 31Ð32 d (Nava et al. 2007) . Maximum adult longevity at 30ЊC was reported to be 51 d (Liu and Tsai 2000) . Little has been published regarding Asian citrus psyllid biology at extreme high temperatures, but the psyllid occurs in some of the hottest climates in which citrus is grown. Asian citrus psyllid failed to complete development at 33ЊC (Liu and Tsai 2000) . reported that 41.6ЊC was the upper temperature threshold for Asian citrus psyllid oviposition. Marutani-Hert et al. (2010) reported that 6 h of exposure to 42ЊC was lethal to the psyllid. The psyllid might defend itself from increases in temperature by increasing synthesis of heat-shock proteins (Tissieres et al. 1974) , as has been observed in Drosophila melanogaster (Meigen) (Ritossa 1962) and Bombix mandarina (Moore) (Manjunatha et al. 2010) . In fact, Asian citrus psyllid has been shown to produce heat-shock proteins (Marutani-Hert et al. 2010) .
The objective of research presented here was to investigate adult Asian citrus psyllid tolerance to heat in a laboratory oven. A set of mortality data were compiled for adult Asian citrus psyllid exposed to thermal treatments ranging from 43 to 60ЊC for various lengths of time, and resulting data were used to develop a model for predicting percentage mortality of adults exposed to different heat treatments. Comparisons were made of heat tolerance between young and old adults, and survival of adults subjected to a dry heat treatment was compared with survival of adults exposed to a moist heat treatment. An experiment was conducted to determine if the psyllid acclimates to heat. Finally, several heat treatments determined to be lethal to adults in an oven were evaluated against Asian citrus psyllid eggs and nymphs.
Materials and Methods
Six experiments were conducted on Asian citrus psyllid heat tolerance, and speciÞc procedures associated with each are presented later in detail. However, there were some procedures common to a number of experiments.
A colony of psyllids for the research (hereafter referred to as the primary colony) was maintained in a walk-in chamber held at 27ЊC (near the upper limit of the optimal temperature range for psyllid development), 68% relative humidity (RH), and a photoperiod of 14:10 (L:D) h. The primary colony was maintained at 27ЊC to allow for some heat acclimation, although at the onset we did not know if the psyllid would acclimate to heat. The primary colony was established using psyllids from a USDA colony, which as described by has been maintained for many years in a greenhouse at the U.S. Horticultural Research Laboratory in Fort Pierce, FL. Adult psyllids from the USDA colony were taken to the chamber, placed into BugDorm II cages (MegaView, Science Education Services Co. Ltd., Taichung, Taiwan) containing potted orange jasmine (Murraya exotica L.) plants, and allowed 3 d to oviposit. Afterward, the adults were removed and the eggs were allowed to eclose and nymphs to develop. Subsequently, as new adults emerged, some were divided up among new cages containing orange jasmine plants and allowed to oviposit for 3 d, after which the adults were removed. This was continued over time to provide a steady supply of psyllids. An individual cage sometimes provided a large number of adults for several weeks before the cage was emptied, cleaned, and infested with new adults on new orange jasmine plants. Notes were maintained for each individual cage on when new adults Þrst emerged, thus the approximate age of adults used in each experiment was known.
The primary oven used for the experiments was a Lab-Line L-C Incubator (Lab-Line Instruments, Inc., Melrose Park, FL), within which all evaluations of Asian citrus psyllid tolerance to heat were conducted. The ovenÕs chamber measured 33 by 33 by 33 cm (0.036 m 3 ) in size. Preliminary research showed that after the oven was heated to a speciÞed temperature, on opening the door to insert a container of insects, the temperature in the oven dropped below the desired temperatureÑregardless of how fast the insect cage was placed into the oven and the door was shut, a considerable amount of time always elapsed before the oven once again reached the desired temperature. This problem was circumvented to a large extent by placing a 70-mm 3,000-RPM CPU fan (model C7015T12MY 12V, Asia Vital Components Co. Ltd., Kaohsiung, Taiwan) in the oven along with seven steel wire mesh bins (each 22.0 by 7.5 by 5.5 cm [L by W by H], 908 cm 3 ; Copco bin #2555-1044, Wilton Industries, Inc., Woodridge, IL) Þlled with glass beads (#70730 Clear Lustre Gems, Panacea Products Corp., Columbus, OH). The seven bins of glass beads occupied Ϸ18% of the total area within the oven chamber. These beads retained heat so that when the oven was opened and closed, heat loss was minimized. A second oven was sometimes used to preheat insect cages and equipment before transferring them into the primary oven.
For heat treatment experiments with adults, a small (6.5 by 6.5 by 9.0 cm [L by W by H]) screened cage was used to contain the adults. The base of the cage was a plastic Magenta vessel GA-7 connector (Magenta Corporation, Chicago, IL). A simple rectangular box frame was made of wooden dowels (4.76 mm in diameter) cut to length and hot-glued into place. The frame was covered in a double layer of tulle fabric (Jo-Ann Stores Inc., Hudson, OH) hot-glued to the sides of the wooden frame, and a lid of tulle fabric was attached to the top of the frame using Velcro Sticky Back (Velcro USA Inc., Manchester, NH; hot glue was used to adhere the hook side of the tape to the upper edges of the frame and the loop side to the inside perimeter of the screen lid, although the positions of the hook and loop sides could have just as effectively been switched). The screened cage was slightly modiÞed for some of the experiments, as described later.
Four different experiments were conducted on heat tolerance of adult Asian citrus psyllid, and these were similar in that after adults were subjected to a heat treatment, they were transferred from the oven to a leaf disk held under ambient conditions in the laboratory (24 Ϯ 0.1ЊC and a photoperiod of 14:10 (L:D) h) and later inspected to determine survival. Leaf disks were also used in experiments with eggs and nymphs. Procedures for preparing these leaf disks have previously been reported (Hall and Nguyen 2010) . Brießy, a 2.34-cm-diameter copper pipe with sharpened edges (similar to a cork borer) was used to cut a disk from a fresh citrus leaf, and this disk was then embedded on agar (7 g/500 ml water) in a small petri dish (suspension culture dish, 35 by 10 mm, nontreated polystyrene, #430588, Corning Inc., Corning, NY). Mature citrus leaves from ÔRidge PineappleÕ sweet orange (Citrus sinensis (L.) Osbeck) were used for the leaf disks.
Temperature and humidity in the oven during the various heat treatments studied in Experiment 1 were measured using a temperatureÐ humidity probe (WatchDog Data Logger 250, Spectrum Technologies Inc., PlainÞeld, IL) placed in the oven and set to record data at from 1-s intervals (for short heat treatments) to 10-min intervals (for long heat treatments). The opening in the data logger for the humidity sensor was placed facing the fan so there was ample air movement in and out of the data logger. For all other experiments, temperature and humidity in the oven were monitored similarly, except temperature was monitored using a Hobo U12 J, K, S, T Thermocouple Data Logger (Onset Computer Corporation, Bourne, MA) Þtted with a J-type thermocouple: the data logger was Þxed to the outside of the oven while the thermocouple was run into the oven through a port on the top of the oven (the port was then sealed shut around the thermocouple with modeling clay, Polyform Products Company, Elk Grove Village, IL), with the tip slipped into the psyllid holding chamber. Across the range of temperatures studied (43Ð 60ЊC), ambient relative humidity in the oven during the experiments averaged 23 Ϯ 0.8% and ranged from 21 to 26% (these data exclude those from Experiment 4, in which the humidity was purposely increased).
For all experiments with adults, they were examined under a dissecting microscope at 1 and 24 h after a heat treatment and were categorized as dead if they showed no signs of movement after repeated prodding with a Þne-tipped paint brush. A psyllid was categorized as moribund or adversely affected if it could not stand upright and had one or more body parts showing any signs of uncontrolled movement (live psyllids behaved normally and were usually feeding on leaf disks within 24 h). For each experiment, percentage mortality was calculated using only counts of Asian citrus psyllid conÞrmed to be dead. Also, for experiments with adults, the gender of each psyllid was determined at the 24-h examination.
Experiment 1: Mortality of Adult Psyllids Subjected to Different Heat Treatments. Adults averaging 14 Ϯ 0.3-d-old (range, 4 Ð27 d, depending on the psyllids available at the time of testing) were exposed to the following temperatures: 43, 45, 50, 55, or 60ЊC. Two time thresholds of exposure were determined for each temperature in preliminary research: a maximum time that resulted in no mortality and a minimum time that resulted in 100% mortality. Subsequently, percentage mortality was determined at incremental time intervals between these time thresholds. A minimum of Þve repetitions (sometimes more, depending on time and available resources) each consisting of 50 adult Asian citrus psyllids (no initial regard to gender) were conducted for each temperatureÐ duration. Each group of 50 Asian citrus psyllids was placed into the small screened cage (described earlier) and the cage was placed into the oven for a speciÞed period, after which the adults were transferred from the cage to leaf disks (leaf disk method described earlier). For each temperatureÐ duration studied, a separate group of 50 adult Asian citrus psyllids not exposed to heat were placed directly onto a leaf disk and held at room temperature as a control. The research was conducted one temperature at a time: 43ЊC during FebruaryÐMay 2011 at 15 durations of from 10 to 150 min, 45ЊC during November 2011 at 9 durations of from 10 to 50 min, 50ЊC during December 2011 at 9 durations of from 1 to 15 min, 55ЊC during SeptemberÐOctober 2011 at 10 durations of from 0.5 to 10 min, and 60ЊC during JuneÐ August 2011 at 8 durations of from 0.5 to 10 min. For each temperature, the order in which durations were tested was random.
An analysis of variance (ANOVA) on percentage mortality was conducted to compare the following main effects with respect to their inßuence on mortality of Asian citrus psyllid subjected to the different heat treatments: temperature, duration, Asian citrus psyllid gender, and Asian citrus psyllid age. Preliminary data indicated a sigmoidal relationship between percentage Asian citrus psyllid mortality (Y) and the duration (X) of a heat treatment, thus we subjected the mortality data for each temperature to a nonlinear regression model:
where a, b, and x 0 are model parameters. A stepwise regression analysis (forward selection; P ϭ 0.15) was conducted over all temperatures to investigate percentage mortality as it related to temperature, duration, and the interaction between temperature and duration, and a multiple regression equation was selected to describe the data. On completion of Experiment 1, a study was conducted during JanuaryÐFeb-ruary 2012 to validate a set of heat treatments that we had not tested but which were projected to cause incomplete or complete mortality of adults according to the aforementioned multiple regression model (see Results section): 44ЊC for 20 or 130 min, 49ЊC for 8 or 25 min, 53ЊC for 5 or 15 min, and 58ЊC for 2 or 10 min. The same heat treatment procedures used for Experiment 1 were used for the validation study, with 50 adult Asian citrus psyllid exposed to each heat treatment replicated Þve times. The approximate ages of Asian citrus psyllid screened during the validation study were as follows: 44ЊC treatments, 29-d-old; 49ЊC treatments, 20-d-old; 53ЊC treatments, 22-d-old; and 58ЊC treatments, 28-d-old. Relative humidity in the oven during the heat treatments averaged 23%.
Experiment 2: Effect of Age on Adult Asian Citrus Psyllid Heat Tolerance. Psyllid adults of two different ages (always a 14-d age difference) were subjected to a heat treatment expected to kill only a small percentage of older adults: 45ЊC for 10 min (projected from Experiment 1 to cause 21% mortality of adults averaging 14-d-old and maintained at 27ЊC, see the Results section). Two cohorts of Asian citrus psyllid 14 d apart in age were studied, and all Asian citrus psyllids within each cohort were progeny of the same parents. These cohorts were established by allowing parental Asian citrus psyllids to oviposit for 2.5 d on one plant, moving them onto a holding plant for 11 d, and then allowing the parents to oviposit for another 2.5 d on a second plant. Tolerance of these cohort psyllids to the heat treatment was assessed during August 2012. The small screened cage (previously described) was modiÞed so that there were two compartments for holding psyllids during the heat treatment: one for young adults and one for older adults. This was accomplished by hotgluing a triple layer of tulle fabric as a vertical wall inside the cage; the tulle fabric lid was also modiÞed so that each compartment had its own tulle lid.
Evaluations of the effect of the heat treatment on survival of young and older psyllids were initiated with cohort #1 psyllids on 22 August when the younger psyllids were 3-d-old and the older psyllids were 17-d-old. Three groups of 50 psyllids of these two ages were subjected to the treatment on this day, one group of both ages after another. The next day, Þve groups of 50 psyllids from cohort #1 were subjected to the heat treatment, with the psyllids being 1 d older but still 14 d apart in age. Similarly, one group of 50 cohort #1 psyllids of each age were subjected to the heat treatment on 27 August and another group of each age on 28 August, for in all 10 repetitions comparing survival of cohort #1 young and old psyllids subjected to the heat treatment. Evaluations of the effect of the heat treatment on young and old cohort #2 psyllids followed a similar time course, with one repetition conducted on 27 August when the younger psyllids were 1-d-old and older psyllids were 15-d-old, three repetitions were conducted on 28 August when the psyllids were 1 d older but still 14 d apart in age, three repetitions were conducted on 30 August, and Þve repetitions were conducted on 31 August, for in all 12 repetitions with cohort #2. An ANOVA on percentage mortality was conducted with Asian citrus psyllid age and gender as main effects.
Experiment 3: Heat Tolerance of Adult Psyllids Predisposed to Cool or Warm Temperatures. Psyllid adults from a colony maintained at 22ЊC (64% RH) and adults from the primary colony maintained at 27ЊC (68% RH) were subjected to the following heat treatment: 45ЊC for 10 min (projected from Experiment 1 to cause 21% mortality of adults maintained at 27ЊC, see the Results section). Of interest was if the 22ЊC colony would exhibit less tolerance to the heat treatment.
Psyllids for the 22ЊC colony were obtained from the 27ЊC colony using the following procedures during May and June 2012. Working in the 27ЊC chamber, four orange jasmine plants were placed into a cage on 14 May and adult psyllids from the 27ЊC colony were introduced and allowed to oviposit. A second set of four orange jasmine plants was placed into another cage on 29 May and adult psyllids from the 27ЊC colony were introduced and allowed to oviposit. Both cages of plants were maintained at 27ЊC as eggs hatched and nymphs developed. New adults emerged in the Þrst cage during 29 Ð31 May, and on 1 June, two plants with adults were transferred to a cage in the chamber maintained at 22ЊC. With respect to the second cage, new adults emerged during 19 Ð21 June, and two plants from this cage were transferred to the 22ЊC chamber on 22 June.
The small screened cage from Experiment 2 was used so that there were two compartments for holding psyllids during the heat treatment. Forty-Þve psyllids from the 22ЊC colony were placed into one compartment, and 45 from the 27ЊC colony were placed into the other compartment. The cage was then placed into the preheated oven for the 10-min treatment. This was repeated 10 times during JuneÐJuly 2012 (Group 1) and 15 times during October 2012 (Group 2). Each time psyllids were exposed to the heat treatment, a separate set of 45 adults from each colony were directly placed onto leaf disks on agar (leaf-disk method described earlier) and held at room temperature as a control treatment. After psyllids were exposed to the heat treatment, they were transferred to leaf disks and maintained on a laboratory bench beside leaf disks containing control psyllids. Adults in this study averaged 20 Ϯ 1-d-old, range 14 Ð25 d. An ANOVA on percentage mortality was conducted with Asian citrus psyllid colony, age, and gender as main effects.
Experiment 4: Effect of Humidity on Heat Tolerance of Adult Psyllids. Adult psyllids were subjected to 45ЊC for 25 min under low versus high humidity. For the low-humidity treatment, the oven was simply set to the desired temperature as in Experiments 1Ð3, during which relative humidity averaged 21%. Based on the results of Experiment 1, this low-humidity heat treatment was projected to cause 57% mortality of adult psyllids (see the Results section). All runs for the low-humidity condition were accomplished in the morning hours usually between 9:00 and 11:30 a.m., before any moisture was added to the oven to increase the humidity. For the high-humidity treatment, we elevated the humidity by placing into the oven a heated glass dish (14.5 by 9.8 by 4.0 cm [L by W by H]; product #01414 Glass Lock by Kinetic, Davenport, IA) half full with heated glass beads (previously described) along with 200 ml of hot tap water. After placing the dish with beads and water into the oven, before exposing psyllids to the heat treatment, we waited for at least 2 h (a time predetermined to achieve 70 Ð 80% humidity). All runs under high humidity were conducted during the afternoon time usually between 1:30 and 4:00 p.m. The low-humidity treatment averaged 23% and the high treatment averaged 75%.
The psyllids tested in this experiment were from the primary colony and were subjected to the heat treatments during JanuaryÐFebruary 2013. Psyllid adults (14 Ϯ 0.4-d-old, range 10 Ð19 d) were collected into glass vials and brought back to the laboratory for processing. After the psyllid chamber was preheated to 45ЊC, it was removed and 135 adult psyllids were added, and the cage was then placed on a glass plate in the center of the primary oven for 25 min. This was repeated 25 times at each humidity level. After the heat treatment, the psyllids were transferred to dishes containing leaf disks held under ambient conditions in the laboratory. An ANOVA on percentage mortality was conducted with humidity, Asian citrus psyllid age, and gender as main effects. A t-test was used for comparisons between humidity levels with respect to percentage mortality of Asian citrus psyllids exposed to the heat treatment.
Experiment 5: Sensitivity of Eggs to Heat Treatments Lethal to Adults. Psyllid eggs on ßush shoots were subjected to four heat treatments that were projected to cause 100% mortality of adult psyllids: 58ЊC for 10 min, 53ЊC for 15 min, 49ЊC for 25 min, and 44ЊC for 130 min. Eggs for the evaluations were obtained by caging adult psyllids on potted orange jasmine plants and allowing them to oviposit on young ßush shoots over a period of 2 d, after which ßush shoots with eggs were excised. The length of these ßush shoots averaged 4 Ϯ 0.1 cm. All healthy-appearing (plump and golden yellow in color) eggs on each shoot were counted and unhealthy-appearing (deßated) eggs were removed. The heat treatments were evaluated by placing three egg-infested shoots onto a glass petri dish (9 cm in diameter and 1.5 cm in depth) already present in the primary oven preheated to a speciÞed temperature. There were Þve replications per heat treatment for in total 15 ßush shoots per treatment. After the desired heat treatment duration, the ßush shoots were removed and each was individually placed onto a leaf disk (leaf-disk method described earlier). The shoots were held under ambient conditions on the leaf disks for 7Ð11 d, after which it was determined how many eggs hatched and how many did not. Most evaluations of egg-hatch took place after 7 d, but in a few cases, at least a few control eggs (eggs on shoots not subjected to heat treatments) took one to several additional days to hatch, in which case, evaluations of egg hatch following a heat treatment were extended for one to several days. The egg experiments were conducted during March 2012.
Experiment 6: Sensitivity of Nymphs to Heat Treatments Lethal to Adults. Psyllid nymphs on ßush shoots were subjected to the same four heat treatments studied in Experiment 5. The 44ЊC heat treatment was subsequently repeated for durations of 140 and 150 min because Ͻ100% mortality of nymphs occurred after a 130-min duration (see the Results section). Nymphs for the evaluations were obtained by caging adult psyllids on potted orange jasmine plants and allowing them to oviposit on young ßush shoots over a period of 3 full days, after which the adults were removed. After egg hatch, nymphs were allowed to develop until there was a mix of third-, fourth-, and Þfth-instar nymphs. The plants were then gently washed with tap water to remove honeydew and left alone until dry, at which time ßush shoots infested by nymphs were excised from the plants. The average ßush shoot length was 5 Ϯ 0.1 cm. All cast skins were removed from each ßush shoot and all nymphs were conÞrmed to be alive. The nymph-infested ßush shoots were then subjected to the different heat treatments. For each of the original four heat treatments, there were Þve replications per treatment (2 ßush shoots per replication) for in total 10 infested shoots per heat treatment. A sixth replication of 44ЊC for 130 min conÞrmed that the heat treatment failed to kill all nymphs. Therefore, survival of nymphs subjected to 44ЊC was additionally assessed at durations of 140 and 150 min.
The heat treatments were evaluated by placing two nymph-infested citrus ßush shoots onto a glass petri dish (9 cm in diameter and 1.5 cm in depth) already present in the oven preheated to a speciÞed temperature. The petri dish was divided into two compartments of the same size by gluing a glass wall made of microscope slides in a vertical position inside the dish. Each compartment received one infested ßush shoot. After the designated period, ßush shoots were removed and each was individually placed onto a leaf disk. The petri plates were sealed with ParaÞlm (Pechiney Plastic Packaging Company, Chicago, IL) and then held under ambient conditions in the laboratory. Numbers of live, dead, and adversely affected nymphs on each ßush shoot were determined 1 and 24 h after each heat treatment based on the same criteria used to determine if adults were alive or dead. The nymph experiments were conducted during May 2012.
Statistical Analyses. ANOVAs were conducted using PROC GLM or PROC TTEST; multiple regression analyses were conducted using PROC GLM; nonlinear regressions were conducted using PROC NLIN; and correlation analyses (Pearson coefÞcient) were conducted using PROC CORR (all procedures by SAS Institute 2008, Cary, NC). Percentage data were arcsine-transformed for ANOVA (Gomez and Gomez 1984) . All statistical tests were conducted at the 0.05 level of signiÞcance. Throughout the text, when means are presented with an error margin, this is the SE of the mean.
Results
Experiment 1: Mortality of Adult Psyllids Subjected to Different Heat Treatments. Survival of Asian citrus psyllid held at room temperature as controls was excellent, with only 2 adults dying of a total 4,460 adults observed. Of all Asian citrus psyllid studied in Experiment 1, a mean of 50 Ϯ 0.3% of the psyllids were female. Observed percentages of mortality (24 h) of adults subjected to the different durations of each of the Þve temperatures are summarized in Fig. 1 (1-h mortality data not presented). Percentage Asian citrus psyllid mortality increased nonlinearly as the duration of exposure to each temperature increased (Fig. 1) . Estimates from the sigmoidal regressions were highly correlated with observed percentages of mortality: at 43ЊC, r ϭ 0.94 (N ϭ 97); at 45ЊC, r ϭ 0.92 (N ϭ 63) ; at 50ЊC, r ϭ 0.98 (N ϭ 59); at 55ЊC, r ϭ 0.97 (N ϭ 76); and at 60ЊC, r ϭ 0.97 (N ϭ 56; for all correlation coefÞ-cients, P ϭ Ͻ0.0001). ANOVA over all heat treatments studied indicated that temperature and duration were each signiÞcant sources of variation affecting Asian citrus psyllid mortality rates (percentage of Asian citrus psyllid killed within 24 h; for temperature, F 256, 401 ϭ 12, P ϭ Ͻ0.0001; for dura-tion, F 29, 401 ϭ 109, P ϭ Ͻ0.0001). A signiÞcant effect related to the age of psyllids was found (F 20, 401 ϭ 2; P ϭ 0.03), but no signiÞcance was found with respect to gender (F 1, 401 ϭ 0; P ϭ 0.99). Percentage mortality (24 h observations) was related to the duration (minutes; X 1 ) and the interaction (product) between temperature (ЊC) and duration (X 2 ; F ϭ 655, P ϭ Ͻ0.0001; r 2 ϭ 0.79; df ϭ 353):
Percent mortality ϭ Ϫ3.3419 Ϫ 36.1528X 1
Carrying the parameters out to the fourth place was important for the best estimates. Estimates from Equation 1 were highly correlated with observed percentages of mortality: at 43ЊC, r ϭ 0.92 (N ϭ 97); at 45ЊC, r ϭ 0.77 (N ϭ 63) ; at 50ЊC, r ϭ 0.93 (N ϭ 59); at 55ЊC, r ϭ 0.95 (N ϭ 76); and at 60ЊC, r ϭ 0.87 (N ϭ 56; for all correlation coefÞcients, P ϭ Ͻ0.0001). However, these correlations were not as strong as those associated with the nonlinear equations.
Results of the validation study veriÞed estimates from Equation 1 of incomplete and complete mortality among the different heat treatments (none of which were used to generate the regression equation; Table  1 ). As evident in Table 1 for heat treatments projected to cause intermediate mortality, projections of percentage mortality were reasonably close to observed mortality, except in the case of 44ЊC for 20 min.
Experiment 2: Effect of Age on Adult Asian Citrus Psyllid Heat Tolerance. A mean of 53 Ϯ 3% and 20 Ϯ 3% of young and old adults, respectively, were conÞrmed to be dead at 1 h after the heat treatment (45ЊC for 10 min), while 70 Ϯ 3% and 31 Ϯ 3%, respectively, were conÞrmed to be dead at 24 h after the heat treatment. A mean of 55 Ϯ 1% of the psyllids studied in Experiment 2 were female. Over both ages, a mean of 54 Ϯ 4 and 45 Ϯ 4% females and males, respectively, were killed by the heat treatment. ANOVA indicated that Asian citrus psyllid age and gender were each signiÞcant sources of variation affecting Asian citrus psyllid mortality rates (percentage of Asian citrus psyllid killed within 24 h; for age, F 1, 85 ϭ 117, P ϭ Ͻ0.0001; for gender, F 1, 85 ϭ 6, P ϭ 0.01).
Experiment 3: Heat Tolerance of Adult Psyllids Predisposed to Cool or Warm Temperatures. Of all Asian citrus psyllid studied in Experiment 3, a mean of 53 Ϯ 1% of the psyllids were female. Very few psyllids died when they were subjected to the control treatment (no heat): a mean of only 0.5 Ϯ 0.5% adults from the 22ЊC colony died and only 0.3 Ϯ 0.3% adults from the 27ЊC colony died. Observations at 24 h after the heat treatment (1-h mortality data not presented) showed that exposure to 45ЊC for 10 min killed 47 Ϯ 4 and 18 Ϯ 2% of psyllids from the 22ЊC and 27ЊC colonies, respectively; these means were signiÞcantly different (F 1, 91 ϭ 114; P ϭ Ͻ0.0001). There was a signiÞcant difference (F 1, 91 ϭ 5; P ϭ 0.03) between males and females with respect to percentages killed by the heat treatment (30 Ϯ 3% and 35 Ϯ 3%, respectively), and over both colonies, mortality rates were signiÞcantly affected by age (F 6, 91 ϭ 9; P ϭ Ͻ0.0001).
Experiment 4: Effect of Humidity on Heat Tolerance of Adult Psyllids. Relative humidity averaged 23 Ϯ 0.2% and 75 Ϯ 0.7% under the low-and highhumidity treatments, respectively. Of all Asian citrus psyllid studied in Experiment 4, a mean of 51 Ϯ 1% of the psyllids were female. No psyllids died when they were subjected to the control treatment. Among psyllids subjected to the heat treatment (45ЊC for 25 min), signiÞcantly greater (F 1, 89 ϭ 146, P ϭ Ͻ0.0001) percentages of psyllids died when the humidity was high (78 Ϯ 4% mortality by 24 h) than when it was low (38 Ϯ 3% mortality by 24 h; 1-h mortality data not presented). A signiÞcant difference in mortality rates was associated with Asian citrus psyllid age (F 8, 89 ϭ 5; P ϭ Ͻ0.0001), but sensitivity to the heat treatments was similar among males and females (F 1, 89 ϭ 0.4; P ϭ 0.5).
Experiment 5: Sensitivity of Eggs to Heat Treatments Projected to be Lethal to Adults. A mean of 79 Ϯ 6% eggs under the control treatment hatched. No eggs hatched after they were exposed to any one of the four heat treatments projected to be 100% lethal to adults.
Experiment 6: Sensitivity of Nymphs to Heat Treatments Projected to be Lethal to Adults. Three of the four heat treatments projected to cause 100% mortality of adults also caused 100% mortality of nymphs: 49ЊC for 25 min, 53ЊC for 15 min, and 58ЊC for 10 min. However, while 44ЊC for 130 min killed 100% of adults or eggs, this heat treatment failed to cause 100% mortality of nymphs. Among nymphs exposed to 44ЊC for 130 min, 98.9 Ϯ 0.7% of Þfth-instar nymphs were dead after 24 h compared with 99.5 Ϯ 0.5% of fourth instars and 100 Ϯ 0.0% of third instars (no Þrst or second instars were present among the nymphs exposed to this heat treatment). When the 44ЊC heat treatment duration was extended to 140 min, 100% of nymphs were killed.
Discussion
This research assessed adult Asian citrus psyllidsÕ tolerance to heat based on their survival in an oven in the absence of a host plant, sunlight, and other factors that Asian citrus psyllids are exposed to under Þeld conditions. The results increase our general understanding of adult Asian citrus psyllidsÕ sensitivity to heat and are useful for selecting a heat treatment to eliminate adult Asian citrus psyllids in an oven situation. For any temperature from 43 to 60ЊC, Equation 1 can be used to determine a duration of exposure expected to kill 100% of adults. For the Þve speciÞc temperatures studied, projections of the minimum duration of a heat treatment required to kill 100% adult Asian citrus psyllid based on Equation 1 were similar to the projections based on the individual sigmoidal model for each temperature. However, for predicting percentage mortality at shorter durations of exposure, the sigmoidal models were better based on visual comparisons and correlation analyses. Among a number of candidate heat treatments for eliminating Asian citrus psyllids from shipments of kafÞr lime or curry leaves, 60ЊC for at least 10 min would be effective and faster killing than lower temperatures. With respect to immature Asian citrus psyllids, eggs and nymphs are not normally associated with mature leaves, but based on Experiment 6, this particular heat treatment would be effective against both of these life stages. To guard against Asian citrus psyllid being present in a shipment of citrus leaves, the leaves could be placed into a convection oven and subjected to the heat treatment. Whether heat treatments adversely affect the medicinal or culinary aspects of leaves remains to be investigated.
We showed that age, heat acclimation, and humidity were factors that affect Asian citrus psyllid heat sensitivity, but there are probably other factors responsible for variability in Asian citrus psyllid heat tolerance, including genetic differences among individuals. As reßected in Fig. 1 among adult Asian citrus psyllids exposed to 43ЊC, some were killed within 25Ð30 min but Ͼ120 min of exposure was required for 100% mortality, thus there was considerable variability among individual Asian citrus psyllids in their sensitivity to this temperature. This variability could exist within an Asian citrus psyllid population at any given point in time as a result of differences among individuals with respect to age, genetics, or other factors, but variability might also change over time in response to changes in environmental or host plant conditions. This possibility, plus the fact that our data were collected over a relatively long period without side-byside comparisons of the different heat treatments, prompted the validation experiment, the results of which supported projections based on Equation 1 of the minimum duration of a heat treatment needed for complete mortality. In contrast to pronounced variability in Asian citrus psyllid heat sensitivity at 43ЊC, at temperatures of 50ЊC or higher, Asian citrus psyllid individuals were more uniform in their sensitivity to heat treatments with much less time required for mortality to increase from 0 to 100%. At temperatures of 50, 55, or 60ЊC, waiting 1 h after a heat treatment was usually long enough to judge whether the treatment killed adultsÑadults were either obviously dead or alive, few were adversely affected, and those determined to be dead did not recover based on observations 24 h later. We did not present 1-h mortality data for every experiment; however, at temperatures of 43 or 45ЊC, a 24-h period was often needed to determine if exposed adults died (as reßected in data from Experiment 2).
The primary colony of Asian citrus psyllid used for this research was maintained at 27ЊC, near the upper end of the insectÕs optimal temperature range. At the onset of the research, it was not known if Asian citrus psyllid acclimates to heat, but the insect had been shown to acclimate to cold . By working with insects accustomed to a warmer temperature, we allowed for some heat acclimation knowing a priori that a shorter period of exposure to heat might kill greater numbers of insects accustomed to lower temperatures. In other words, for identifying heat treatments in an oven that would be expected to kill psyllids, the models ( Fig. 1) and Equation 1 are skewed toward more intense heat treatments than needed for psyllids accustomed to lower temperatures. The results of Experiment 3 support these contentions. Psyllids accustomed to long-term exposure to an average temperature higher than 27ЊC might be even more heat-tolerant, thus the mortalityÐ heat treatment relationships depicted in Fig. 1 and by Equation 1 may not be applicable to such psyllids. Short-term exposure to warmer temperatures could also increase heat tolerance by stimulating increased production of heat-shock proteins (Marutani-Hert et al. 2010) . In this case, if a heat treatment was used to eliminate Asian citrus psyllid from a shipment of citrus leaves, it would be prudent to hold the shipment at or below room temperature for several hours before the treatment.
Heat acclimation helps explain why the psyllid can survive in some geographical areas where afternoon air temperatures sometime exceed 40ЊC for several hours. For example, in Pakistan, where the psyllid is common and often abundant, daily air temperatures during the summer have been known to exceed 40ЊC for 7Ð 8 h, with peaks as high as 44ЊC (33Ð39% RH) lasting for several hours (see 2 July 2012 temperature and humidity data archives from the Lahore City Airport weather station at http://freemeteo.com/). Whether such extreme heat events kill some Asian citrus psyllid or adversely affect the biology of some Asian citrus psyllid is not known, but Asian citrus psyllid populations remain prevalent in Pakistan (Hoddle and Hoddle 2013) . Adult psyllids from our 27ЊC colony would not have survived 3 h of exposure to 44ЊC in an oven situation (at comparable low levels of humidity).
To what extent our results apply to Asian citrus psyllid populations in the Þeld remains to be investigated. It is likely that some heat treatments identiÞed as lethal to Asian citrus psyllid in an oven setting would not be lethal to Asian citrus psyllid in a Þeld setting as a result of evaporative cooling by the host plant and perhaps the insect itself (Hoffmann et al. 1975) . Further research into heat tolerance could be conducted using Asian citrus psyllid on live host plants in superheated growth chambers. One objective would be to determine if heat could be used to kill Asian citrus psyllid without damaging plants, which would facilitate movement of previously infested plants. Hoffman et al. (2013) reported that potted citrus can be held at 42ЊC for 7Ð10 d without serious damage to plants.
